Abstract. This paper aims to study the e ect of the hourly Demand Response (DR) on Security-Constrained Unit Commitment (SCUC) problem considering economic and security objectives. The demand side participation can solve some of the electricity market problems. In this paper, the DR is taken into consideration as one of the Demand Side Management (DSM) parts. The DR consists of xed and responsive loads. The xed loads can be satis ed under any circumstances, and responsive loads can reduce or shift to other operation hours. A combination of SCUC with DR is a complex and mixed integer non-linear problem. The bender's decomposition is used as an optimization technique for solving this problem. This technique solves the problem by decomposing it into master and sub problems. One of the advantages of this technique is short processing time. The performance and e ectiveness of the proposed method are evaluated with respect to 6-, 24-, and 118-bus test systems.
Introduction
The restructured power market is composed of several independent players who bene t from the DR. These players are GENCOs, TRANSCOs, DISCOs, ISO, and other di erent parts [1] . The Independent System Operator (ISO) should schedule available resources for satisfying the demand by considering security at the minimum cost. The GENCOs submit their bids to the ISO for satisfying next-day demands [1, 2] . In the electricity market, the marginal price is de ned based on the last scheduled generator [3] . In such a market, the elasticity of demand is often thought to range from zero in the real-time markets, and the demand side has no participation in the electricity market [4] . Thus, the generators submit their bids at a price much higher than the marginal market price [5] . The spike in prices also occurs at peak hours when su cient reserve is not available. To compensate for this absence of power, the generators with high marginal cost are employed [6] . In such a cycle, the DR participation is a good, economical method to overcome the system constraint and spike in prices [7] . These problems occur, when the hourly power dispatch does not consider the DR role in the market. Incorporating the DR in the market structure is pro table for all of the market participants [8, 9] . The demand side management consists of the distributed generation, the energy storage site, and the DR [10] . Here, it is focused on the DR considering a combination of xed and responsive loads. The DR is an opportunity for consumers to save money through reductions in the peak demand. The DR has the ability to defer the construction of new power plants and power delivery systems such as those reserved for use during peak times. The DR can be categorized into two subgroups: economical and emergency DRs.
In addition, the emergency one curtails loads of the network according to the network's condition, and the economical one is curtailed voluntarily based on market prices. In a restructured power market, electricity prices will uctuate with time and place of loads [11] [12] [13] . The structure of the energy market is shown in Figure 1 . The GENCOs and TRANSCOs submit their information to the ISO and DISCOs aggregate loads data for the ISO. Achieving a dynamic market with the best operation schedule is the main objective that ISO tries to realize by incorporating the DR in SCUC. This will make a new opportunity for customers and market participants [14] .
In [15] , to maximize social welfare, a new market clearing process was supposed in which customers submit their bids for buying energy. In this model, a power market with the auction pool is introduced; accordingly, the buyer or seller submits their bids to the ISO for making the right decision. The ISO gathers all submitted bids and solves the unit commitment problem to obtain the minimum cost. The most important objective of the ISO is to maximize the social welfare, which is de ned as a summation of consumption and production surplus. In [16] , a multidirectional auction was introduced; accordingly, the market participants attempt to nd an equilibrium point for submitting their bids. Here, the main di erence is that the seller and the market operators attempt to maximize the bene t according to their needs. In [17] , the load constraints with the hourly biding mechanism were modeled on the day ahead of the auction. For this purpose, security was considered as an ancillary service, and the price was the signal that speci ed the unit status. In [18] , an iterative process was used to calculate the market price and the DR change. According to the last load pro le, the amount and method of the DR combination were estimated. The authors in [19] discussed a new concept of the DR as a DR exchange (DRX) that could make a good trade-o between a buyer and a seller. In [20] , the DR was incorporated into SCUC, and the objective function maximizes the social welfare with the bender's decomposition technique. As observed, the market clearing process was conducted by either direct or iterative approaches. In the direct approach, the elastic characteristic of the demand price is used to set the demand.
The operation and transmission constraints are not considered in this approach. In addition, the iterative process is a time-consuming process, and the feasible solution may not be found by this method. Herein, the operation constraints of the DR and transmission line are not considered.
In this paper, the SCUC problem along with the DR is solved by bender's decomposition technique. This technique converges to the result at a proper time.
The market clearing model
The GENCOs and the loads submit their simple bids (it could also be complex) to the ISO. The transmission constraints and probabilities are considered in the base case. The objective function is aimed at maximizing the social welfare, which is de ned by the pro t obtained from selling the electricity power mines and reducing the generation cost. The hourly SCUC for the complex bids speci es the unit status and power dispatch for each unit and the hourly DR according to the submitted bids [1, 11] .
Load o er
The DR consists of xed and responsive loads. The xed loads are associated with price takers and should be fully satis ed in the market clearing process. The xed load prices reduce as demand increases. The responsive loads could reduce or shift to other operation hours. This type of loads should o er the amount of hourly load and their price to the ISO. The load characteristic with their constraints is imposed on the SCUC problem. These constraints consist of the minimum on/o time, up/down rate, bus load, minimum hourly curtailment, and maximum load curtailment [15] [16] [17] in this formulation to reduce a large amount of computation and time-consuming process. By using this technique, the problem is divided into master and sub problems. The master problem speci es the main unit commitment and units and loads status with their schedule. Checking the feasibility and probability condition is done in sub problems. If any violation occurs, the bender's decomposition cuts the process and adds to the master problem according to the violation. In the next iteration, the master problem is solved by this additional constraint. This iterative process between the master and sub problems continues until all constraints are satis ed. These iterative processes for the SCUC problem and DR are depicted in Figure 2 [1,2].
Formulation
The decomposition technique is applied to solve the mixed integer non-linear program. Therefore, the master and sub problems along with the related constraints are brie y discussed below.
Master problem
The objective function of the master problem is to schedule the generation unit and loads by the prevailing system constraint in the base case to maximize the social welfare. The objective function of the master problem is shown in Eq. (1):
5.2. System constraints 1. The power balance: Eq. (2) demonstrates the power balance in the power system. By this constraint, the power generation should be equal to the demand plus the network losses.
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2. The system spinning and operating reserve: To maintain system reliability, the adequate spinning and operating reserves are required, which are de ned as follows:
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3. The ramp rate: for each unit, the output is limited by the up/down ramp rate at each hour as follows: 
5. Power output constraints: The power output of each unit has its lower and upper bounds as follows: P i;min I it P it P i;max I it ; i = 1; 2; : : : :; NG; t = 1; 2; : : : :; NT:
This constraint is imposed to keep the power generation of each unit inside this band [1, 21, 22 ].
Load constraints
The following equations show the load constraints in the market. Eq. (10) shows that the summation of xed and responsive loads should be equal to the total loads at each bus. The minimum load curtailment and nonnegative responsive load are explained in Eqs. (10) and (11), respectively. The submitted responsive load is shown in Eq. (13) . If the load is not curtailed, the responsive load schedule is submitted. The load of each bus should set their decrement and increment levels according to their ramp up/down limit rate, as given in Eqs. (14) and (15) .
Loads such as generation units have the minimum on/o time of the loads, as explained in Eqs. (16) and (17) . Loads use these constraints for restricting on/o status of the loads. These constraints demonstrate the minimum number of the hours that the loads can be curtailed or restored. Constraint (18) restricts the total daily load curtailment. The hourly load curtailment is the di erence between the submitted responsive load and the scheduled responsive load. This term is positive when the load is curtailed, negative when the load is shifted to that hour, and zero when there is no load curtailment or shifting at that hour. By using this constraint, responsive loads may be shifted or curtailed [14, 20] . (20) whereŵ t shows the power mismatch in the base case for the current bus. In addition, it , bt , it , and it are the dual variables of hourly dispatch, the load balance equations, and the hourly generation constraint, respectively.
Case studies
The proposed methodology is implemented on the modi ed standard IEEE 6-bus, 24-bus, and 118-bus systems. The simulation is carried out by GAMS 23.3 software with a personal computer [23] . In these cases, ten percent of the total load is considered as responsive, while the rest is xed. The consumption bid for the responsive loads is 15$.MW.
The operation constraints are: 1. The consumption bid is 15$/MWh for the responsive loads; 2. The minimum up-and-down time is 4 h; 3. The minimum hourly and maximum daily load curtailment rates are considered as 5 MW and 150 MW.
6.1. Case study 1: Six-bus system 6.1.1. Scenario 1: The base case For this base case, the SCUC problem is solved without considering DR. The operation cost and the processing time are obtained $137491.924 and 3 min, respectively. The load is satis ed directly from three units at di erent hours. The hours that each unit generates power are shown in Figure 3 . The hourly power generation over a period of one day is shown in Table 1 . This table is summarized in Figure 4. 6.1.2. Scenario 2: A 6-bus system with the DR in all buses By incorporating the DR into the SCUC, the total operation cost and the processing time are obtained Figure 5 . The load curtailment is shown as a function of time deviation for each curtailed load in Figure 6 .
The power generation, the unit status, and the aggregated power generation of each generator are shown in Table 2 and Figures 7 and 8, respectively .
The reasons for a decrease in the total operation cost in this scenario are summarized as follows:
1. Generation unit 2 almost generates xed power far away from the marginal cost; 2. It is clear that the DR is the main reason to compensate the lack of power at the peak load hours. Therefore, the DR can reduce the total operation cost. Hour  T1  T2  T3  T4  T5  T6  T7  T8  P1 T9 T10 T11 T12 T13 T14 T15 T16  P1 220 220   220  220  220  220  220 Hour  T1  T2 T3  T4  T5  T6  T7 T8  P1 T9 T10 T11 T12 T13  T14 T15 T16  P1 220   220  220  220  220  220  220 The demands in SCUC problem with the DR (in the base case) and in a combination of SCUC problem with the DR are de ned by D1 and D2 in Table 3 , respectively. D1 is equal to D2 in the hours between T1 to T9. However, D2 is less than D1 in the other hour. The e ect of the DR on the actual system load is shown in Figure 9 . The DR shave the peak load that reduces the total operation cost, the spinning reserve, the transmission congestion, and the emission. problem is solved without considering the DR. The operation cost and the processing time are obtained as $373869.23 and 18 min, respectively. The unit status is shown in Figure 10 . Based on the gure, 32 units participate in power generation, unit 15 is o , and almost most of them produce power throughout the whole day. Figure 10 shows the hours that each unit generates power.
Scenario 2:
A 24-bus system with the DR By incorporating the DR into the SCUC, the total operation cost and the processing time are obtained as $349897.73 and 24 min, respectively, saving the amount of $23971.5 in comparison to the amount in the base case. Figure 11 shows the status of each load participation in the load curtailment. Herein, the buses with zero status, unlike one status, have no role in the load curtailment program. The status of each unit is shown in Figure 12 .
In Table 4 , the demands before combination with SCUC (D1) and after combination (D2) are clearly shown. The DR shaves the demand peak curve, and generators decrease their production levels. The e ect of this demand shaving is shown in Figure 13 . Hour  T1  T2  T3  T4  T5  T6  T7  T8  D1 (MW) Hour  T1  T2  T3  T4  T5  T6  T7  T8  D1 (MW) Figure 13 . The DR e ects on the demand curve for the 24-bus system.
According to the results, the DR incorporation is low in the rst hours; hence, the demand curtailment is low. By achieving the peak load, the participation of DR increases; therefore, more demand curtailment occurs.
A 118-bus system
This IEEE test system has 54 generation units, 186 lines, and 9 tap-changers with the maximum peak load of 6000 MW in a day. The total operation cost and the processing time after solving SCUC problem in the absence of the DR are obtained as $1,067,031.191 and 67 min, respectively. After incorporating the DR into the SCUC problem, the total operation cost and the processing time are obtained as $1,049,223.153 and 79 min, undergoing a reduction of $17808.038 in comparison to that in the base case.
According to a complete comparison of all case studies shown in Table 5 , the e ectiveness of this approach in reducing the costs is proven.
Conclusion
In this paper, a powerful and generalized method, called benders' decomposition, was used to model the DR in SCUC problem. This mixed integer problem was applied to di erent cases containing a large case. The application of the DR to SCUC would e ectively increase the social welfare. In summary, the results showed that the DR had the following merits in SCUC problem:
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